BACKGROUND: Potentially inappropriate prescribing (PIP) may contribute to opioid overdose. OBJECTIVE: To examine the association between PIP and adverse events. DESIGN: Cohort study. PARTICIPANTS: Three million seventy-eight thousand thirty-four individuals age ≥ 18, without disseminated cancer, who received prescription opioids between 2011 and 2015. MAIN MEASURES: We defined PIP as (a) morphine equivalent dose ≥ 100 mg/day in ≥ 3 months; (b) overlapping opioid and benzodiazepine prescriptions in ≥ 3 months; (c) ≥ 4 opioid prescribers in any quarter; (d) ≥ 4 opioiddispensing pharmacies in any quarter; (e) cash purchase of prescription opioids on ≥ 3 occasions; and (f) receipt of opioids in 3 consecutive months without a documented pain diagnosis. We used Cox proportional hazards models to identify PIP practices associated with non-fatal opioid overdose, fatal opioid overdose, and all-cause mortality, controlling for covariates. KEY RESULTS: All six types of PIP were associated with higher adjusted hazard for all-cause mortality, four of six with non-fatal overdose, and five of six with fatal overdose. Lacking a documented pain diagnosis was associated with non-fatal overdose (adjusted hazard ratio [AHR] 2.21, 95% confidence interval [CI] 2.02-2.41), as was high-dose opioids (AHR 1.68, 95% CI 1.59-1.76). Co-prescription of benzodiazepines was associated with fatal overdose (AHR 4.23, 95% CI 3.85-4.65). High-dose opioids were associated with all-cause mortality (AHR 2.18, 95% CI 2.14-2.23), as was lacking a documented pain diagnosis (AHR 2.05, 95% CI 2.01-2.09). Compared to those who received opioids without PIP, the hazard for fatal opioid overdose with one, two, three, and ≥ four PIP subtypes were 4.24, 7.05, 10.28, and 12.99 (test of linear trend, p < 0.001).
INTRODUCTION
Opioid overdose is a public health crisis. 1 Most individuals who misuse opioids are initially exposed to prescription opioids. 2 ,3 Therefore, improving opioid prescribing may reduce the risk of opioid misuse and overdose death. 2 Recently, attention has focused on potentially inappropriate prescribing of opioids (PIP) as a risk factor for fatal overdose, given its frequency and growth over time. 4 -7 Studies have shown that high-dose opioids, defined as ≥ 100 mg morphine equivalents (MMEs) per day, or co-prescription of opioids with benzodiazepines, are associated with opioid overdose. 7 -17 Other studies have shown that multiple prescribers or multiple pharmacies are associated with opioid overdose. 7 ,14,18 Using a uniquely powerful database created by the Massachusetts State legislature to address the opioid crisis, we examined the prevalence and consequences of PIP in Massachusetts.
METHODS

Database
Chapter 55 of the Acts of 2015 (BChapter 55^) mandated that the Massachusetts Department of Public Health facilitates the analysis of data from multiple Massachusetts government agencies during May and June of 2017. Data included the state's prescription monitoring program, all-payer claims database (APCD), mortality including autopsy and postmortem toxicology, demographics and area-level socioeconomic status, ambulance records/emergency medical services, and acute hospital case mix, and contained information on more than 98% of Massachusetts' population. 19 , 20 The online state prescription monitoring program includes all controlled substances dispensed by Massachusetts pharmacies or delivered to a Massachusetts resident by mail. Federal facility pharmacies are not included. While pharmacists are encouraged to register and use the online state prescription monitoring program, which facilitates monitoring of prescriptions from all prescribers and pharmacies, use is not mandatory. However, prescribers are required to access the online state prescription monitoring program prior to prescribing opioids or benzodiazepines.
Chapter 55 data quality and completeness are described in detail in the report delivered to the Massachusetts Legislature by the Massachusetts Department of Public Health, especially in Online Appendix A of that report. 21 This study was exempted from review by the Institutional Review Boards of the RAND Corporation and the Massachusetts Department of Public Health.
Cohort
We used state prescription monitoring program data to identify all patients age ≥ 18 who filled at least one opioid prescription (n = 3,078,034) during the five-year study period (2011) (2012) (2013) (2014) (2015) . We excluded individuals with regionally or distantly disseminated cancer (defined in Online Appendix A), and individuals receiving buprenorphine or methadone for opioid use disorder detoxification or treatment. The flow diagram depicting these exclusions, and the final sample, is in Figure 1 .
Patients were only considered to leave the cohort by dying; while some may have moved out of state, it is not possible to distinguish this from a period during which they consumed no healthcare (and thus would not appear in the APCD). A table with the number of patients who entered and left the cohort each year is in Online Appendix B.
Potentially Inappropriate Prescribing
We identified patients receiving PIP. The first four of our PIP variables have been used in previous studies, 7 -18 while the last two have not previously been used in a similar study.
1) High-dose opioids. We calculated the daily dose equivalent for each patient in each month in MME by summing the MMEs for all prescriptions over a month and dividing by the number of days in that month covered by the prescriptions (Online Appendix C). We considered a patient to have received high-dose opioids if they had an average MME ≥ 100 mg/day in three separate (but not necessarily consecutive) months, at any time during the five-year study. 2) Co-prescribing of opioids and benzodiazepines. We defined a patient as having received overlapping prescriptions when the patient had received opioid and benzodiazepine prescriptions that overlapped by at least one day in three separate (but not necessarily consecutive) months, at any time during the five-year study. 3) Multiple opioid prescribers. We defined patients as having multiple prescribers if they had ≥ 4 opioid prescribers in any quarter of a calendar year. 4) Multiple opioid pharmacies. We considered patients to have multiple pharmacies if they received opioids from ≥ 4 pharmacies in any quarter. 5) Cash purchases of prescription opioids. It was considered PIP if the patient made three or more cash purchases during any quarter between 2011 and 2015. 6) Lack of a documented pain diagnosis. We defined it as PIP if a patient received opioids for three consecutive months without recording an ICD-9 or ICD-10 code claim for a pain diagnosis at any point during the study period (as defined in Online Appendix D).
We characterized each patient as meeting criteria for none of the six kinds of PIP, one, two, three, or four or more.
Patient Outcomes
Outcomes included (1) non-fatal opioid overdose; (2) fatal opioid overdose; and (3) all-cause mortality. Non-fatal overdose was defined in emergency medical services data using the Massachusetts Department of Public Health algorithm and in the case mix data using ICD-9 or ICD-10 codes (Online Appendix E). For non-fatal overdose, we considered only the first occurrence. Fatal overdose and all-cause mortality were defined using state mortality data (Online Appendix F). All-cause mortality was included given opioids' potential contribution to death both through unrecognized opioid overdoses 22 ,23 and through auto accidents, falls, and other trauma to which opioid use contributed.
Covariates
Available covariates, including demographics and comorbid conditions, were selected due to likely association with PIP, overdose, or mortality. Individuals were categorized into age groups in 10-year intervals (18-29, 30-39,…, 70-79, and 80+) and categorized as male or female. We did not characterize race/ethnicity because data were missing in nearly half the cases. Using 2011-2015 American Community Survey data, 24 we characterized community-level socioeconomic status (SES) by the percentage of households below the federal poverty level in the patient's zip code of residence. 25 Major depression and alcohol use disorder were identified by at least one ICD-9 or ICD-10 code during the study period (Online Appendices G and H), and we controlled for all other comorbidities using the Elixhauser comorbidity score, 26 a widely used all-purpose comorbidity score based on ICD codes. Residence in a rural municipality was identified using the Massachusetts Department of Public Health's Rural Health Office definition. Individuals with a history of incarceration in either prison or jail during the study period were identified using Department of Corrections and Department of Justice data, and individuals with a history of homelessness during the study period were identified using data from multiple sources, as discussed in Online Appendix I. All covariates were modeled as categorical variables, except the Elixhauser score, which was continuous. Individuals in our sample who were missing information needed to characterize area-level poverty (1.5%) and rural municipality (0.8%) were assigned Bmissing^for these variables, allowing those individuals to enter into the regression analyses.
Statistical Analyses
We examined the Pearson correlation among the six PIP subtypes. We used Cox proportional hazard models to examine the hazard for each of our three outcomes, controlling for covariates. The independent variables were each PIP subtype, structured as binary variables (ever/never). We examined the association of six PIP subtypes with each outcome-first alone, and then together with the other PIP subtypes in a single model. We also examined the association between the number of PIP subtypes to which each patient had been exposed (between 0 and 4+ PIP subtypes) and each outcome. For non-fatal overdoses, PIP exposure was only counted if it occurred before the overdose event; we did not assess recency of PIP exposure.
We did not model PIP exposure as a time-varying covariate, given that in some cases adverse outcomes may lag PIP exposure by months or years. We therefore chose to model PIP exposure as a binary variable, although it should be kept in mind that our PIP variables required repeated exposures to meet the threshold definition of having received PIP.
As with any observational study, ours could be influenced by unresolved confounding. As a sensitivity analysis, we calculated the E-value, 27 a measure of how strongly associated an unobserved confounder would need to be with both our independent and dependent variables to completely explain our results (i.e., reduce the estimate to the null value). All analyses were performed using SAS Studio, version 3.5 (SAS Corporation, Cary, NC).
RESULTS
Three million seventy-eight thousand thirty-four adult Massachusetts residents-about 57% of the state's adult population-received at least one opioid prescription between 2011 and 2015. The number of adults receiving an opioid prescription remained stable over time-about 1.13 to 1.16 million adults in each study year. Prescription opioid recipients varied widely by age (Table 1) ; 55% were female. Almost onefifth had an insurance claim for major depression (17.7%); 4.6% had a claim for alcohol use disorder. The mean Elixhauser comorbidity index for the sample was 2.11 (prevalence of Elixhauser comorbidities in Online Appendix J). Among all who received an opioid prescription, 4.3% died before the end of the study, including 0.11% who experienced fatal opioid overdose; 0.72% experienced non-fatal opioid overdose. The mean person-time under observation was 1105 days; the median was 1199 days.
Many patients received potentially inappropriate prescriptions just once, and a subset received them repeatedly (Table 2) . We generally required at least 3 months of such exposure to constitute PIP for the purposes of this study. Based on our definitions, 88.6% of recipients of prescription opioids did not have any PIP, 6.9% had one type, 2.7% had two, 1.2% had three, and 0.6% had four or more types of PIP. The annual prevalence of PIP increased from 2011 to 2012 (from 168,781 to 187,888) and then trended down to 162,575 in 2015. Coprescription of opioids and benzodiazepines was the most common type of PIP and rose consistently from 57,878 in 2011 to 64,208 in 2015; all other PIP variables steadily decreased (Online Appendix K).
PIP was more common with increasing age: 13.5% of patients who experienced PIP were age 80+, while only 7.6% of opioid recipients who did not experience PIP were age 80+ (Table 1) . PIP was slightly more common among females, and markedly more common among those with major depression and alcohol use disorder. All six PIP variables were correlated with each other (Online Appendix L), meaning that a patient who experienced one type of PIP was also more likely to experience other types of PIP (p < 0.001 for all correlations). The strongest correlation was between 4+ prescribers and 4+ pharmacies (r = 0.34), followed by ≥ 100 MMEs with opioid + benzodiazepines (r = 0.32). All other correlations were below 0.3.
All six kinds of PIP were associated with all-cause mortality in the fully adjusted model (Table 3 ; full results of all models in Online Appendices M,N, and O). The strongest associations for all-cause mortality were with receipt of high-dose opioids (adjusted hazard ratio [AHR] 2.18, 95% confidence interval [CI] 2.14-2.23) and lacking a documented pain diagnosis (AHR 2.05, 95% CI 2.01-2.09). Five of the six kinds of PIP were associated with fatal opioid overdose-the exception being cash payments. The strongest association for fatal overdose was with benzodiazepine co-prescription (AHR 4.23, 95% CI 3.85-4.65). Four kinds of PIP were associated with non-fatal overdose, most prominently lacking a documented pain diagnosis (AHR 2.21, 95% CI 2.02-2.41) and high-dose opioids (AHR 1.68, 95% CI 1.59-1.76). We also examined the association with the cumulative number of PIP subtypes and found increasing hazard for adverse events as the number of PIP types increased (Table 4) . A table of E-values, a measure of the potential for unobserved confounding to fully explain each estimate, is given in Online Appendix P.
DISCUSSION
We examined the association of PIP with all-cause mortality, fatal opioid overdose, and non-fatal opioid overdose among adult Massachusetts residents without cancer from 2011 to 2015. More than 1 in 10 (11.4%) recipients of prescription opioids experienced at least one kind of PIP. All six kinds of PIP were associated with higher hazard for death, all but one with fatal opioid overdose, and all but two with non-fatal overdose. We found that patients had markedly increased hazard for adverse events as they were exposed to a higher number of PIP subtypes.
We found that PIP became more common with increasing age, a finding at odds with the public image of the opioid crisis as a problem of young people. It may be that older adults simply receive more medications, leading to issues such as co-prescribing of benzodiazepines, or that prescribers are simply more conservative when prescribing to younger patients, because of a perception that they are more likely to misuse opioid analgesics. This finding will be an important topic for future study.
We compared our estimates regarding the prevalence of PIP to several relatively recent studies. A report by the Centers for Disease Control using data from eight states in 2013 (the midpoint of our study period) found that the proportion of patients receiving ≥ 100 MMEs ranged from By comparison, we found that 7.5% of patients had a high daily dose on at least one occasion, suggesting that high-dose opioids may be less common in Massachusetts than other states. In an analysis of the MarketScan Commercial Claims database from 2009, opioid-benzodiazepine overlap was seen in 2.2% of opioid recipients on one occasion and 5.8% on two or more occasions, 4 compared to 10.6 and 8.7% in our study. The higher rates in our study may be attributable to the inclusion of non-commercially insured populations.
We also compared our study to several recent studies that have also examined potential links between PIP and opioid overdose (Online Appendix Q). Our findings were generally similar to the previous studies, although we did examine some new PIP variables not previously included. Our study is also distinguished from the others in terms of the outcomes we used. We included allcause mortality as an outcome because it is not subject to ascertainment bias. Because recognition of fatal overdose depends on a decision by the medical examiner to order postmortem toxicology, fatal overdoes may be under counted. 22 , 23 The inclusion of non-fatal overdose, identified using emergency medical services records, is also an important strength of our study, not present in many of the earlier studies.
Our results emphasize the importance of PIP as a contributing factor for fatal opioid overdose and can inform policies to address the problem of PIP. Public health campaigns are already underway to educate prescribers, patients, and the public, particularly regarding the danger from high-dose opioids and the importance of keeping first prescriptions low in dose and limited in duration. 28 ,29 A recent report by the Centers for Disease Control found that opioid prescribing peaked in 2010 and has declined since. 30 Our study found 5 of 6 PIP indicators declining over time. However, co-prescribing benzodiazepines, which was strongly linked to overdose mortality in our study and has been the subject of an FDA Drug Safety Communication, 31 increased over time and may be in need of a focused intervention. Our findings also suggest additional targets for improvement efforts, especially receipt of continuous opioids without a pain diagnosis. Prescribing without a pain diagnosis seems amenable to remediation-for example, through provider education, computer-based decision support, or indication-based prescribing. For prescribers, our results serve to emphasize an imperative to avoid PIP to the extent possible.
Our study also demonstrates how an online state prescription monitoring program can help identify PIP in real time. While previous studies have addressed this issue, 32 ,33 our study is the first to examine such a broad array of PIP subtypes simultaneously and to examine their independent effects in a single model. It might therefore be possible to derive and validate a clinical prediction rule or risk score, based on multiple PIP subtypes, that could potentially be displayed in real time for providers as part of the online state prescription monitoring program. Other options would include Bflaggingê vidence of PIP for providers. Such steps should be taken with care and rigorous evaluation.
Important issues remain. First, although it is logical to posit that efforts to reduce PIP will eventually lead to fewer adverse Definitions for the six types of potentially inappropriate opioid prescribing (PIP): (1) more than 100 mg morphine equivalents on three or more occasions; (2) benzodiazepine/opioid overlap on three or more occasions; (3) four or more prescribers in any one quarter; (4) four or more pharmacies in any one quarter; (5) three or more cash payments; and (6) three consecutive months with opioids despite lack of a documented pain diagnosis. The definitions of the six PIP variables are in italics PIP potentially inappropriate opioid prescribing *The Bnumber of PIP criteria fulfilled^variable in this table represents all exposures to PIP while the patient was alive, which was the independent variable for models of all-cause mortality and fatal opioid overdose. A separate version of the PIP count variable was also created for use with regression analyses for non-fatal opioid overdose, which only counts PIP exposures prior to the first non-fatal overdose event events, there is a paucity of empirical studies regarding how long such decreases would take to occur. Second, it is unclear how best to manage patients who have already been exposed to PIP, although the findings of this study suggest that they would likely benefit from not being exposed to additional PIP subtypes. Further research to develop a more nuanced understanding of how PIP may contribute to negative outcomes, within what time frame, under what circumstances, and for which patients, is needed. Our study has noteworthy strengths. To identify patients who received an opioid prescription, we used the online state prescription monitoring program, which identified all outpatient pharmacy-dispensed opioid prescriptions in the state. An additional strength is our examination of six types of PIP, some of which have not been examined previously.
We also acknowledge the study's limitations. First, while we controlled for relevant covariates such as age and burden of comorbidity, as with any observational study, we were unable to control for all relevant patient-level factors, as some are not routinely measured. Second, the reasons why patients received opioids can be unclear in a large, automated dataset such as the one we used-especially when a patient has more than one pain condition over time. Therefore, we were not able to control for the reason patients received opioids, or their level of pain. Third, because the dataset began in 2011, some of the patients who appeared to receive their first opioid prescription in that year may have received one earlier, and we have no way to account for this.
Fourth, the population-based results from Massachusetts may not fully generalize to other states, nor to minors or patients with cancer. PIP and its consequences may look somewhat different in other populations. Fifth, we also only examined the first non-fatal overdose observed and do not know to what extent our findings would apply to multiple non-fatal overdoses. Sixth, while this dataset featured extremely strong outcomes ascertainment for a study of this type, there is still a known issue with the underascertainment of fatal opioid overdose, as has been explored in several recent studies. 22 ,23 Like any study of this kind, our analyses of fatal opioid overdose were limited to those instances that were appropriately recognized and coded. This, in part, was the rationale for including allcause mortality as a study outcome. The six PIP variables are as follows: (1) 100 mg morphine equivalents or greater on three or more occasions; (2) benzodiazepine/opioid overlap on three or more occasions; (3) four or more opioid prescribers in any one quarter; (4) four or more opioid pharmacies in any one quarter; (5) three or more cash payments; and (6) chronic opioids despite lack of a documented pain diagnosis. Patients with no PIP received opioids, but did not fulfill any of these criteria AHR adjusted hazard ratio, CI confidence interval, MME milligram morphine equivalents, PIP potentially inappropriate opioid prescribing *Adjusted for age, sex, community-level poverty rate, depression, alcohol use disorder, rural town of residence, and the Elixhauser comorbidity index without the variables for depression and alcohol use disorder. Models for fatal outcomes (all-cause mortality and fatal opioid overdose) are also adjusted for history of incarceration and history of homelessness † Every fatal overdose, by definition, is also an all-cause mortality ‡ For non-fatal overdose, patients are only considered to have been exposed to PIP if the exposure occurred before the outcome that have been linked with opioid overdose, and we do not know how the inclusion of these additional PIPs would have influenced our findings.
Eighth, at least one of our PIP variables has not been examined in previous studies: receiving chronic opioid therapy without a documented pain diagnosis. We believe this variable is reasonable, since it seems unlikely that a pain condition of sufficient severity to require long-term opioid therapy would not generate any billing codes over a fiveyear period, even for a patient with a relatively stable pain diagnosis. Nevertheless, we recognize that there may be situations in which clinicians are appropriately prescribing opioids without recording such a diagnosis. In addition, while we based our list of pain diagnoses on a list of commonly submitted codes from pain clinics, it is possible that including different pain diagnoses would have changed this variable slightly. However, given the strong effect of this variable, minor changes in its composition would be unlikely to strongly alter the results.
Ninth, our dataset did not capture prescriptions from military facilities, and data from Veterans Health Administration facilities only began to be captured in 2014. Tenth, this dataset did not allow us to identify individual prescribers, preventing us from ascertaining whether PIP is concentrated among a small group of prescribers. Finally, the limited time period available to complete our analysis limited our ability to conduct more sophisticated analyses, such as examining the temporal relationships between exposure and outcomes, or the various steps along the pathway from PIP to death, such as the transition to misuse of prescribed opioids. The Massachusetts legislature has recently determined that Chapter 55 data will be made available for longer term studies, and such analyses are needed to help formulate more effective intervention approaches.
Despite these limitations, our findings regarding the relationship of PIP with fatal overdose, non-fatal overdose, and all-cause mortality suggest that while any opioid prescription may carry some risk, we can identify a subset of prescriptions that are particularly risky. The ability to identify PIP using a state-level online prescription monitoring program, which all states now have, may provide an opportunity to intervene in real time to reduce PIP and to protect patients who have received PIP. The urgency of the opioid crisis necessitates an aggressive response, and the strategy discussed here seems a promising step forward, together with appropriate evaluation of its real-world impact.
